In this study use was made of 3 H-cholesteryl linoleyl ether (CLE), a nondegradable analogue of cholesteryi ester (CE) to measure plasma lipoprotein CE influx into rabbit aorta. Autologous serum labeled with 3 H-CLE was injected into seven hypercholesterolemic rabbits, and more than 90% of the label was recovered in the plasma compartment 10 minutes after injection. Between 4 hours and 3 days the label was cleared from the circulation with a tV 2 of about 24 hours. Between 4 and 24 hours the lipoproteins isolated at d < 1.006, d < 1.019, and d < 1.063 approached similar specific activity, assuming that 3 H-CLE had mixed with the lipoprotein CE pool. The rabbits were killed 7 to 14 days after injection when plasma radioactivity decreased to < 0.03% of injected dose/ml. Total recovery of the CLE ranged from 70% to 95% and 48% to 72% were found in the liver. The minimum influx of plasma CE into the aortic Intima was determined by dividing the label found in the artery by the mean specific activity of the labeled compound in the plasma. The minimum influx into regions with atheromatous involvement ranged from 0.8 to 3.4 jug CE/cm 2 /hr. The rate of influx was highly correlated with the amount of CE mass in the jntima and media indicating that the bulk of aortic CE is derived from plasma lipoprotein CE. The method described might be useful in distinguishing between possible effects of "antiatherogenic" drugs on plasma CE influx into the aortic wall from an effect on intracellular CE hydrolysis and subsequent efflux of free cholesterol from the artery. (Arteriosclerosis 2:281-289, July/August 1982) I n the normal aorta of young humans and experimental animals, only very low amounts of cholesteryi esters are found. Aging 1 " 3 and the early stages of atheroma formation are accompanied by enrichment of smooth muscle cell membranes in unesterified cholesterol and sphingomyelin, 34 which precede the accumulation of esterified cholesterol, the well accepted hallmark of atheroma. Since the level of cellular cholesterol is governed by rates of influx and efflux, the initial rise in free cholesterol of aortic cell membranes is most probably linked to increase in delivery of cholesterol from the plasma. The mode of delivery of plasma cholesterol into the aortic wall (i.e., as part of lipoprotein particles or by independ- ent mechanisms) has been studied in several species, including the human.
H-CLE was injected into seven hypercholesterolemic rabbits, and more than 90% of the label was recovered in the plasma compartment 10 minutes after injection. Between 4 hours and 3 days the label was cleared from the circulation with a tV 2 of about 24 hours. Between 4 and 24 hours the lipoproteins isolated at d < 1.006, d < 1.019, and d < 1.063 approached similar specific activity, assuming that 3 H-CLE had mixed with the lipoprotein CE pool. The rabbits were killed 7 to 14 days after injection when plasma radioactivity decreased to < 0.03% of injected dose/ml. Total recovery of the CLE ranged from 70% to 95% and 48% to 72% were found in the liver. The minimum influx of plasma CE into the aortic Intima was determined by dividing the label found in the artery by the mean specific activity of the labeled compound in the plasma. The minimum influx into regions with atheromatous involvement ranged from 0.8 to 3.4 jug CE/cm 2 /hr. The rate of influx was highly correlated with the amount of CE mass in the jntima and media indicating that the bulk of aortic CE is derived from plasma lipoprotein CE. The method described might be useful in distinguishing between possible effects of "antiatherogenic" drugs on plasma CE influx into the aortic wall from an effect on intracellular CE hydrolysis and subsequent efflux of free cholesterol from the artery. (Arteriosclerosis 2:281-289, July/August 1982) I n the normal aorta of young humans and experimental animals, only very low amounts of cholesteryi esters are found. Aging 1 " 3 and the early stages of atheroma formation are accompanied by enrichment of smooth muscle cell membranes in unesterified cholesterol and sphingomyelin, 34 which precede the accumulation of esterified cholesterol, the well accepted hallmark of atheroma. Since the level of cellular cholesterol is governed by rates of influx and efflux, the initial rise in free cholesterol of aortic cell membranes is most probably linked to increase in delivery of cholesterol from the plasma. The mode of delivery of plasma cholesterol into the aortic wall (i.e., as part of lipoprotein particles or by independ-" 11 The methodology used has included labeling of the lipid and protein moieties of various plasma lipoproteins and measuring their appearance in the atheromatous lesions as well as in normal regions of the aorta. Among several difficulties encountered in the interpretation of the results obtained by this methodology, we would like to mention particularly the problem of hydrolysis of esterified cholesterol in the aortic wall, which was estimated to reach up to 40% within 6 hours after injection of the labeled cholesteryi ester. 10 In view of the ready exchangeability of tissue and lipoprotein unesterified cholesterol, quantification of influx of lipoprotein cholesteryi ester becomes even more difficult. Stender and Zilversmit 12 have developed a mathematical method which takes into account the problems mentioned above, but calls for a very sophisticated treatment of the experimental result. During the past few years we have used cholesteryi linoleyl ether, a nondegradable analogue of cholesteryi linoleate, to study the fate of plasma lipoprotein choles- teryl ester in the intact animal. 13 " 15 In this study, we used this analogue to learn about the influx of esterified cholesterol from the plasma into the aorta and other tissues of rabbits made hyperlipidemic by a diet containing 1 % cholesterol. The advantage of this approach lies in its relative simplicity and in the fact that it obviates the problem of hydrolysis of cholesterol ester and the possible loss of free cholesterol either by exchange or efflux.
Methods

Animals
Male rabbits weighing 2.5 to 3.0 kg and bred locally were fed a pelleted diet (ArmRod 935 from Ambar Central Food Mill of Mishkey Emek Hefer). To induce hypercholesterolemia, the pellets were coated with 10 g cholesterol dissolved in diethyl ether per kg of diet. The rabbits were kept on this diet for 50 to 100 days. Control rabbits received the same diet without addition of cholesterol. Determination of plasma cholesterol and triacylglycerol was carried out at 3-week intervals on samples drawn from the ear vein.
Labeling Procedure of Rabbit Plasma
3
H-cholesteryl linoleyl ether was synthesized using a modification 16 of the method of Stoll. 17 The purity of the compound was ascertained by thin-layer silicic acid chromatography (5% ethyl acetate in chloroform); more than 98.5% of the 3 H label was recovered in the region of cholesteryl linoleyl ether. Blood (10 ml) was drawn from the ear vein, and the serum was separated and centrifuged in a 40.3 rotor for 6.3 x 10 6 g x min. The top 1 ml was removed with the tube slicer. The labeling of rabbit serum was carried out by a modification of a procedure described previously. 13 Briefly, 8-15 x 10 6 DPMof 3 Hcholesteryl linoleyl ether dissolved in chloroform were transferred to a siliconized glass tube 13 mm in diameter. The solvent was evaporated under a N 2 stream. Then 1 ml of 0.15 M NaCI, containing 0.1 ml of the centrifuged rabbit serum, was added to the tube. The tube content was sonicated with a 4 mm tip for 1 minute under N 2 , without foaming, using the Braun Sonic 3000 (Braun Melsungen, Federal Republic of Germany) on 10% output. This procedure resulted in a homogeneous dispersion of 90% or more of the label added to the tube. The sonicate was added to 4 to 5 ml of the serum and incubation was carried out under N 2 in sterile 50 ml plastic tubes covered with tinfoil, for 18 hours at 37°C, with gentle agitation. Thereafter, the serum was brought to 6.5 ml with 0.15 M NaCI and centrifuged in a 40.3 rotor for 6.3 x 10 6 g x min. The top 1 ml was cut and the infranatant was used for injection, after removal of aliquots for the determination of radioactivity.
Experimental Procedure
On the day of the experiment each rabbit was placed in a restraining cage and injected with 4 to 5 ml of the labeled autologous serum containing 3-10 x 10 6 DPM of 3 H-cholesteryl linoleyl ether (specific activity 95 Ci/mmol). To determine the injected dose, an aliquot was counted and the amount injected was determined by weighing the syringe before and after injection. Venous blood samples (2.0 to 3.0 ml) were drawn from the contralateral ear 10 minutes, 60 minutes and 240 minutes after injection and then at daily intervals till the termination of the experiment. The hematocrit was determined on an aliquot of the first sample and used for the calculation of the plasma volume, assuming a blood volume of 7.2% of body weight.
The blood samples drawn at the intervals mentioned above were centrifuged to remove the red blood cells. Aliquots of serum were taken for determination of radioactivity and the rest was diluted with saline and subjected to consecutive ultracentrifugation at increasing density. The following density cuts were performed: d = 1.006, d = 1.019, d = 1.063, and d = 1.21; the samples were centrifuged for 24 or 48 hours (for the d = 1.21 cut) in a 40.3 rotor at 105,000 g. Samples of the injected material were centrifuged with the first three experimental aliquots. Radioactivity was determined on the top and bottom fractions and cholesterol and triacylglycerol on the top fraction.
The rabbits were killed 7 to 14 days after injection by an overdose of pentobarbital. The abdomen was opened and 50 to 70 ml of blood were drawn from the aorta. Thereafter, the aorta was dissected from the heart to the bifurcation and cleaned of adventitial fat. Thoracic and abdominal aortas were separated and the vessel was opened longitudinally. The surface area was measured, and areas involved with atheroma were noted. Under a dissecting microscope, the intima and inner third of the media were separated from the rest of the media and weighed. Samples from the atheromatous regions were taken for electron microscopy. The intima and media were minced and homogenized first in 2 ml methanol and then in 2 ml chloroform using a conical glass homogenizer (Kontes, Vineland, New Jersey). After extraction of lipids, the residue was removed by centrifugation and the lipid extract made up to 6 ml with chloroform. One-third of the lipid extract was used for the determination of radioactivity, an appropriate sample for the determination of free and total cholesterol, and the rest was used for thin-layer chromatography. The other organs were removed and weighed, and 1 g samples were homogenized in 20 volumes of chloroform :methanol 2:1 (v/v). Fat was taken from the perirenal and epididymal region. Muscle was taken from the back and thigh; both red and white muscles were sampled.
Analytical Procedures
Plasma cholesterol and triacylglycerol were determined with an automated procedure. 18 Tissue lipids were extracted and purified according to Folch et The highest concentration of label per gram of tissue was in the liver (0.49% of injected dose) and in the adrenal (0.45%); it was 0.04% in the small intestine. The radioactivity found in 1 ml of bile was 0.006% to 0.02% of injected dose. In the whole brain the amount recovered was 0.02% to 0.04% of injected dose. The lipid extract of each liver was subjected to thin-layer chromatography with 14 C-free cholesterol as internal standard. More than 95% of the radioactivity was found with cholesteryl linoleyl ether and 1 % to 2% comigrated with free cholesterol.
The results obtained with aortas are summarized in table 3. The aortas were examined visually and, when feasible, regions with high atheromatous involvement (designated A in table 3) were separated from those with grossly normal appearance (designated B in table 3). As a rule, most severe atheromatosis was found in the arch and in the thoracic aorta. In the arch, thoracic aorta, and in some instances, in the abdominal aorta, the vessel was split into two portions, one containing the intima and inner media, the other, the media; the amount of radioactivity and of tissue cholesterol in these different parts of the aorta are given separately. The amount of cholesterol in the thoracic intima ranged from 5 to 15.5 mg, of which 60% to 80% was in esterified form. In most instances, the difference between the cholesterol content of the thoracic intima and the corresponding media was between 6-and 18-fold. A good correlation was found between the visual estimation of atheromatous involvement and cholesterol content of the sample, as evidenced by comparison of thoracic intima A and B (table 3) . In some instances (Rabbits 1 and 4), the intima was separated from the media in the abdominal portion and it can be seen that the cholesteryl ester content/cm 2 was much lower in the abdominal than in the thoracic intima. The cholesteryl ester influx was calculated from the amount of label recovered/cm 2 , and therefore it was important to determine that the radioactivity was not in free cholesterol. The lipid radioactivity extracted from the intima was chromatographed on thin-layer plates, and less than 2% of the label comigrated with 14 Cunesterified cholesterol added as internal standard. The influx of esterified cholesterol from plasma into the aorta was calculated by dividing the radioactivity in the aortic sample by the mean specific activity of the labeled compound in the plasma (from time of label injection until the time of sacrifice). The influx of esterified cholesterol into the thoracic intima was 5 to 15 times hgher than into the corresponding media in the grossly pathological region, while it was 1.5 to 5.1 times higher in the grossly normal or less involved regions.
A correlation was sought between the cholesteryl ester content and the influx of plasma esterified cholesterol into the thoracic intima and media. The data presented in figure 2 show a high correlation between these two parameters in both the intima and the media. In four rabbits, a comparison was drawn between the influx of plasma cholesteryl ester into heavily involved and grossly normal areas of the same aorta. The highest ratios of cholesteryl ester influx between the heavily involved and relatively normal regions in the same thoracic intima were seen in Rabbits 8 and 3, which had the lowest plasma cholesterol levels of the whole group. In three of the four rabbits, a close correlation was found between the ratio of cholesteryl ester content and the ratio of the influx into involved and grossly normal areas. The correlation (Rabbits 4,3, 5, and 8) was 4, 19, 4 and 31 respectively for the influx of cholesteryl ester and 12.6, 15.6, 3.8,and 40 respectively for the ratio of cholesteryl ester content.
Three control rabbits fed the regular pelleted diet were injected with autologous serum labeled with cholesteryl linoleyl ether and were killed after 7 days. Table 4 shows the disappearance of the labeled cholesteryl ether from the circulation. It can be seen that the clearance of the label from the circulation was much more rapid than in the hypercholesterolemic rabbits. The distribution of the label in the various organs is presented in table 5. The total recovery of The rabbits were killed 7 days after injection of autologous plasma labeled with cholesteryl linoleyl ether.
the label was similar to that of the hypercholesterolemic animals (table 5). Relatively more label was found in the total muscle mass and total body fat in the control group and the level of the label in 1 ml of bile ranged from 0.02% to 0.06% of injected dose. In the liver, 99% of the radioactivity comigrated with cholesteryl linoleyl ether.
The aortas were analyzed in the same manner as the aortas of the hypercholesterolemic rabbits, and the results are presented in table 6. The cholesteryl ester content of the aortas was quite low and so was the amount of label recovered. Because of the very low levels of radioactivity, the estimation of the minimum cholesteryl ester influx from the plasma is only an approximation. 
Discussion
The use of cholesteryl linoleyl ether as a nondegradable analogue of cholesteryl ester permitted us to study the influx of plasma lipoprotein cholesteryl ester into atheromatous aorta. The stability of the ether bond has been well documented in previous studies in which various lipoproteins labeled with cholesteryl ethers were incubated with cultured cells, 21 or injected into intact rats and mice. 13 "
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The stability of the labeled compound used was further documented in the present study by the recovery of 50% to 70% of the injected material in the liver (7 to 14 days after injection) and the finding of not more than 1 % to 2% of the label in the form of free cholesterol in both the liver and the aorta. The suitability of cholesteryl linoleyl ether as representative of plasma lipoprotein cholesteryl ester was supported by data obtained in previous studies.
13
" 15 Thus cholesteryl ester transfer protein present in human plasma catalyzed the transfer of both compounds from HDL to Intralipid or VLDL to the same extent. 13 When chylomicrons 15 or low density lipoproteins 14 were labeled with 3 H-cholesteryl linoleyl ether and 14 C-cholesteryl linoleate, both labels were cleared from the circulation at the same rate, and shortly after injection both labels were found in the liver in the same proportion as in the injected material.
In this study, we have shown also that cholesteryl linoleyl ether injected into hypercholesterolemic rabbits reached comparable specific activity (DPM/mg cholesteryl ester) in plasma lipoproteins of d < 1.006, d < 1.019, and d < 1.063 between 4 hours and 24 hours, which is analogous to the equilibration of labeled plasma cholesteryl ester between different lipoproteins as reported by Stender and Zilversmit. 10 Moreover, the slow clearance of the labeled cholesteryl linoleyl ether from the circulation is also reminiscent of the behavior of labeled cholesteryl ester injected as LDL into hypercholesterolemic rabbits 9 (figure 2). In view of the very rapid redistribution of injected cholesteryl ester 10 among lipoproteins of d < 1.019 and d > 1.019, which is accounted for by the finding that rabbit plasma has the highest rate of cholesteryl ester transfer activity among 10 mammals, 23 we have used whole plasma rather than a specific lipoprotein fraction for labeling and injection. Therefore, we cannot identify the lipoprotein fraction which is the donor of aortic cholesteryl ester. On the other hand, we can measure the influx of cholesteryl ester into the aortic wall, since during the major part of the experiment the specific activity of all the lipoproteins was similar. One needs to qualify this conclusion because in some rabbits, during the early time intervals, some differences in specific activity were seen. If during that time influx had occurred from a fraction with a specific activity lower than the mean, our values would be an underestimate. We have expressed our data as the mass of cholesteryl ester that entered the aortic tissue over a period of 7 to 14 days, and consider these values as minimum influx. This caveat is based on the inability to determine cholesteryl ester egress from the artery which might have occurred over the time interval studied. The loss of cholesteryl ester might occur by efflux of whole lipoprotein particles trapped in the extracellular space. Alternately, after intracellular ingestion, cholesteryl ester may be hydrolyzed and the free cholesterol could be removed; however, the latter is not applicable to the experiments with cholesteryl linoleyl ether. One cannot rule out the possibility that the very active cholesteryl ester transfer protein of rabbit plasma might also catalyze some exchange between extracellular cholesteryl ester in the atheromatous intima and extravascular lipoproteins.
The minimum influx of plasma cholesteryl ester as estimated from the recovery of 3 H-cholesteryl linoleyl ether was highly correlated with the amount of cholesteryl ester content of the intima and of the media. Since these correlated parameters were derived by independent methodology and the determination of the cholesteryl ester content involved no assumption whatsoever, this correlation may add some validity to the estimates derived after injection of the labeled compound. The present findings are also consistent with the conclusion that most of the esterified cholesterol found in the aorta was derived from plasma cholesteryl ester. A good agreement was also found between cholesteryl ester content and influx when regions with prominent atheromatous lesions were compared to less involved regions. These findings emphasize further the focal nature of the atheromatous process and raise the question of cause .and effect with regard to the influx and accumulation of cholesteryl ester. The relatively low influx of cholesteryl ester into grossly normal regions of the aortas of hyperlipidemic rabbits and the even lower influx found in the aortas of normolipidemic rabbits indicate that both hyperlipidemia and some additional local factor 24 are required for cholesteryl ester influx and accumulation.
It seems of interest to compare the rates of cholesteryl ester influx in our study to those reported by Stender and Zilversmit. 9 In that study, the intimal clearance of cholesteryl ester derived from very low density lipoproteins (VLDL) + intermediate density /hr, which agrees very closely with the above data. In both studies, the rabbits were kept on the diet for a similar period of time and similar levels of plasma cholesterol were found.
This relatively simple method of quantifying influx of plasma cholesteryl ester into the aortic wall could be of use in experiments designed to determine the mode of operation of certain drugs such as Metformin 2526 or Nifedipine 27 in the suppression of atheromatosis in rabbits fed high cholesterol diets. These drugs were reported to reduce the amount of atheroma without a decrease in the degree of hypercholesterolemia. The use of cholesteryl linoleyl ether might permit one to distinguish between a possible effect of the drug on cholesteryl ester influx into the aortic wall and other mechanisms, such as increased intracellular cholesteryl ester hydrolysis, followed by efflux of free cholesterol back into the circulation.
